In resource-constrained countries, affordable methodologies for the detection of disease biomarkers at ultralow concentrations can potentially improve the standard of living 1, 2 . However, current strategies for ultrasensitive detection often require sophisticated instruments that may not be available in laboratories with fewer resources [3] [4] [5] [6] [7] [8] [9] [10] [11] . Here, we circumvent this problem by introducing a signal generation mechanism for biosensing that enables the detection of a few molecules of analyte with the naked eye. The enzyme label of an enzyme-linked immunosorbent assay (ELISA) controls the growth of gold nanoparticles and generates coloured solutions with distinct tonality when the analyte is present. Prostate specific antigen (PSA) and HIV-1 capsid antigen p24 were detected in whole serum at the ultralow concentration of 1 3 10 218 g ml 21 . p24 was also detected with the naked eye in the sera of HIV-infected patients showing viral loads undetectable by a gold standard nucleic acid-based test. Figure 1 presents a schematic of the ELISA experiments performed here. A target molecule is captured with specific antibodies on a disposable substrate and subsequently labelled with an enzyme, for example via a biotin-streptavidin linkage. In conventional colorimetric ELISA a signal is generated by the conversion of the enzyme substrate into a coloured molecule (Fig. 1a) , and the intensity of the colour of the solution is quantified by measuring the absorbance with a plate reader. Although the distinction between non-coloured and coloured solution may be detected with the naked eye, this can only be achieved with confidence at high concentrations of the target molecule, therefore making a naked-eye inspection unsuitable for ultrasensitive detection. In our approach, hereby referred to as plasmonic ELISA, the generation of coloured solutions of characteristic tonality is utilized to detect a target molecule with the naked eye ( Fig. 1b) [12] [13] [14] . In the proposed method, the biocatalytic cycle of the enzyme label is linked to the growth of gold nanoparticles to obtain blue-or red-coloured solutions in the presence or absence of the analyte, respectively (Fig. 2 ). In the absence of the analyte, the reduction of gold ions with hydrogen peroxide occurs at a fast rate, and quasi-spherical, non-aggregated gold nanoparticles are obtained ( Fig. 2a,b ). Under these conditions, the solution is expected to acquire a red colour. In the presence of the analyte, the enzyme catalase consumes hydrogen peroxide ( Fig. 2a,c) . This slows down the kinetics of crystal growth, which results in the growth of nanocrystals showing an ill-defined morphology comprising aggregated nanoparticles. As a consequence, the solution turns blue. The blue and red colours are easily distinguishable at a glance, therefore facilitating the detection of the analyte with the naked eye.
To test the impact of the concentration of hydrogen peroxide on the morphology and optical properties of nanoparticles grown according to Fig. 2a , different concentrations of hydrogen peroxide were added to a solution containing gold ions (0.1 mM) in MES buffer (1 mM, pH 6.5). In Fig. 3a , the tonality of the solution changes from red to blue in a narrow concentration range between 120 and 100 mM, and the colour intensity decreases as the concentration of hydrogen peroxide decreases for concentrations between 80 and 20 mM. Therefore, it should be possible to control the colour of the nanoparticle solution to be blue when the biocatalytic action of the enzyme reduces the concentration of hydrogen peroxide below 120 mM.
A deeper insight into the process leading to the colour change can be obtained from Fig. 3b . Here, the spectra of the nanoparticle dispersions broaden and redshift when the concentration of hydrogen peroxide drops below 120 mM. This is attributed to the formation of clusters of nanoparticles at low concentrations of hydrogen peroxide, which is confirmed by transmission electron microscopy (TEM) inspection ( Fig. 3c,d , Supplementary Section S1). Furthermore, it is also possible to monitor the growth of gold nanoparticles by measuring the absorbance at 550 nm with a conventional plate reader, as shown in Fig. 3e (Supplementary Section S2). Taken together, the results in Fig. 3 indicate that the final morphology and state of aggregation of gold nanoparticles grown according to the reaction in Fig. 2a is extremely sensitive to the concentration of hydrogen peroxide added to the growth solution, which results in an abrupt change in the colour of the solution from red to blue when the concentration of reducing agent decreases below 120 mM. This observation is attributed to the reduction of gold ions by hydrogen peroxide in the presence of MES. It has been reported that MES is a mild reducing agent that can generate blue-coloured nanoparticle dispersions comprising aggregated nanoparticles, and that red dispersions can be obtained when adding a supplementary reducing agent such as glucose 15 . Similarly, we can tune the tonality of the as-grown nanoparticle solution by adding hydrogen peroxide to a solution containing gold ions in MES buffer. As the concentration of MES is constant in all experiments, the increasing concentration of hydrogen peroxide is the driving factor in obtaining non-aggregated red nanoparticle dispersions.
After demonstrating the growth of nanoparticle solutions of characteristic tonality by means of the reduction of gold ions with hydrogen peroxide, we adapted this process as the signal generation mechanism for plasmonic ELISA. To this end, we designed sandwich ELISA assays for the detection of two model analytes: prostate specific antigen (PSA) and HIV-1 capsid antigen p24. PSA has been recognized as a valuable biomarker for cancer recurrence in patients that have undergone radical prostatectomy 5, 16 . For these patients, it is vital to detect minute concentrations of PSA at the earliest stage possible to improve their survival rates. The detection of p24 holds great promise for the diagnosis of HIV infection in laboratories with fewer resources where expensive nucleic acid-based tests may not be available 1 . For these laboratories, lowering the limit of detection of conventional ELISA assays is crucial to match the outstanding sensitivity of 'gold standard' nucleic acid-based tests 2 . A schematic representation of the sandwich ELISA format is presented in Fig. 1. Figure 4 shows the results for the detection of PSA and p24 with plasmonic ELISA when these proteins were spiked into whole serum. In both cases, the limit of detection defined as the lowest concentration of analyte that yields a blue-coloured nanoparticle solution was 1 × 10 218 g ml 21 . The blue colour could be easily differentiated from the red colour obtained at lower concentrations of analyte (Supplementary Section S3). This observation is attributed to the biocatalytic action of catalase, which decreases the concentration of hydrogen peroxide and favours the generation of blue solutions of nanoparticles. The blue colour is only observed in the presence of the analyte because the concentration of catalase is intimately related to the concentration of analyte through the exquisite specificity of the antibodies. Control experiments performed by spiking an unrelated globular protein, bovine serum albumin (BSA), in the serum resulted in red-coloured dispersions of nanoparticles because the antibodies cannot specifically recognize this protein. Therefore, these experiments unequivocally demonstrate that the blue colour observed in the presence of PSA and p24 is not generated by non-specific interactions with the substrate but is in fact related to biospecific recognition by antibodies. Furthermore, in Fig. 4 , the ability to detect with the naked eye can be corroborated by measuring the decrease in absorbance measured at 550 nm with a conventional plate reader (2DA 550 ), as previously suggested in Fig. 3e . In these calibration curves, the limit of detection defined as the lowest assayed concentration of analyte that yields a signal higher than three times the standard deviation of the blank is 1 × 10 218 g ml 21 for both target molecules. These results validate the utilization of plasmonic ELISA for the identification of serum proteins at ultralow concentrations with the naked eye. The outstandingly low limit of detection is attributed to the high efficiency of the enzyme to fine tune the concentration of hydrogen peroxide [17] [18] [19] , which is the driving force to yield nanocrystals with different morphology and optical properties, as previously demonstrated in Fig. 3 .
The naked-eye detection of p24 at ultralow concentrations with a conventional ELISA format could be a powerful alternative to costly nucleic acid-based tests for diagnosing HIV infection 1 . However, to implement plasmonic ELISA in resource-constrained countries, it is also essential to demonstrate the robustness of the analytical procedure against possible interferences found in real samples. To study the impact of real matrices on the detection of p24, sera from 30 donors were assayed with plasmonic ELISA (Fig. 5) . Twenty donors were HIV-infected patients whose viral loads were determined using the nucleic acid-based test (Fig. 5a,b ). Among these, 10 donors showed a viral load lower than 50 copies, and therefore could not be diagnosed by the nucleic acid-based test alone (Fig. 5b) . Ten HIV-negative donors were also included to exclude the possibility of biased results due to non-specific interactions (Fig. 5c) . A negative control consisting of PBS buffer was included in triplicate. With plasmonic ELISA, samples from HIV-negative donors yielded red nanoparticle dispersions, whereas samples from HIV-positive donors were clearly distinguished by their blue colour, in accordance with the results shown in Fig. 4b . Remarkably, plasmonic ELISA was able to detect, at a glance, HIV-positive samples that were undetectable by the 'gold standard' nucleic acid-based test (Fig. 5b) . Moreover, the naked-eye detection could be confirmed with a plate reader, because all the HIV-negative samples yielded a signal within three times the standard deviation of a negative control (+0.009), while sera from HIV-infected patients always generated a higher signal regardless of the viral load.
In conclusion, we have demonstrated the detection of analytes with the naked eye by imparting a new signal generation mechanism to conventional ELISA. The reduced cost and ultrasensitive detection of p24 could be useful for diagnosing HIV infection in resource-constrained countries. In the future, it could be envisaged that detection in decentralized studies could be improved even further if plasmonic ELISA were to be integrated with sophisticated microfluidic devices for in-field measurements of complex samples such as blood and plasma 20 . Although detection with the naked eye seems perfectly suited for detecting analytes in laboratories with fewer resources, it is inherently inaccurate for quantifying the concentration of the target molecule, so assessing the exact concentration of the analyte may be difficult with plasmonic ELISA. This potential limitation is well justified by the extremely low limit of detection of plasmonic ELISA, which allows the presence of analytes to be determined that would otherwise be undetectable with classic colorimetric ELISA or with the polymerase chain reaction. The methodology proposed here could potentially be adapted for the detection of any analyte as long as antibodies directed against it were available, therefore making plasmonic ELISA a versatile tool for the detection of other clinically relevant molecules using the naked eye.
Methods
Sandwich assay for PSA. 96-well polystyrene plates (Corning) were modified with mouse monoclonal anti-PSA (100 ml, Abcam) diluted 1:300 in PBS at 4 8C overnight. After washing the plates three times with wash buffer (R&D systems), the plates were blocked with blocking buffer (1 mg ml 21 BSA in PBS) for 1 h at room temperature. Subsequently, the plates were washed three times with wash buffer, and PSA (100 ml, Sigma) was added to the desired final concentration by diluting a stock solution with bovine serum (Invitrogen). After 2 h, the plates were washed three times with wash buffer, and rabbit polyclonal anti-PSA (100 ml, Sigma) diluted 1:100 in blocking buffer was added for 2 h at room temperature. The plates were then washed three times, and biotinylated goat anti-rabbit IgG was added (100 ml, Sigma), diluted 1:300 in blocking buffer for 1 h at room temperature. After washing three times, the streptavidincatalase conjugate was added (100 ml, see Supplementary Fig. S11 for conjugate preparation), diluted 1:300 in blocking buffer for 30 min at room temperature.
Sandwich assay for p24. 96-well polystyrene plates (Corning) were modified with goat anti-human IgG-Fc specific (100 ml, Sigma), diluted 1:100 in bicarbonate buffer (100 mM, pH 9.6) for 2 h at room temperature. After washing three times with wash buffer, the plates were blocked with blocking buffer for 1 h at room temperature. Human monoclonal anti-p24 (100 ml, produced by S. Zolla-Pazner and provided by the Centre for AIDS Reagents, NIBSC, a Centre of the UK Health Protection Agency), diluted 1:300 in PBS, was added at 4 8C overnight. After washing the plates three times with wash buffer, p24 (100 ml, Thermo Scientific) was added to the desired concentration by diluting a stock solution with undiluted human serum from a healthy donor (Sera Lab). Alternatively, undiluted serum samples from donors (100 ml) were added to generate the data set shown in Fig. 5 . After 2 h, the plates were washed three times with wash buffer, and rabbit polyclonal anti-p24 (100 ml, Thermo Scientific), diluted 1:1000 in blocking buffer, was added for 2 h at room temperature. The plates were then washed three times, and biotinylated goat anti-rabbit IgG was added (100 ml, Sigma), diluted 1:300 in blocking buffer, for 1 h at room temperature. After washing three times, the streptavidin-catalase conjugate was added (100 ml, Supplementary  Fig. S11 ) diluted 1:300 in blocking buffer for 30 min at room temperature.
Nanoparticle growth (signal generation). After washing the plates three times with wash buffer, twice with PBS and once with deionized water, hydrogen peroxide (100 ml, 240 mM) in MES buffer (2-(N-morpholino)ethanesulphonic acid, 1 mM, pH 6.5) was added to each well of the plate. After 30 min, freshly prepared gold (III) chloride trihydrate (100 ml, 0.2 mM) in MES buffer was added to each well. The absorbance at 550 nm was recorded after 15 min with a SpectraMax M5 plate reader (Molecular Devices). Photographs were taken after 15 min ( Fig. 3 ) or 30 min (Figs 4 and 5) after the addition of the gold precursor. Experiments performed with different concentrations of hydrogen peroxide (Fig. 3) were performed in a same fashion but for varying concentrations of reducing agent. TEM samples were prepared on copper-supported carbon films by depositing a drop of solution and allowing it to dry. TEM images were recorded with a JEOL JEM 2010 FEG-TEM microscope operating at an acceleration voltage of 200 kV.
